In situ quasi-elastic neutron scattering study on the water dynamics and
  reaction mechanisms in alkali-activated slags by Gong, Kai et al.
1 
 
In situ quasi-elastic neutron scattering study on the water dynamics and reaction 
mechanisms in alkali-activated slags 
Kai Gonga,b, Yongqiang Chengc, Luke L. Daemenc, Claire E. Whitea,b* 
a Department of Civil and Environmental Engineering, Princeton University, Princeton NJ 
08544, USA 
b Andlinger Center for Energy and the Environment, Princeton University, Princeton NJ 08544, 
USA 
c Chemical and Engineering Materials Division, Oak Ridge National Laboratory, Oak Ridge TN 
37830, USA 
* Corresponding author: Phone: +1 609 258 6263, Fax: +1 609 258 2799, Email: 
whitece@princeton.edu 
Postal address: Department of Civil and Environmental Engineering, Princeton University, 
Princeton NJ 08544, USA 
 
1 Abstract 
In this study, in situ quasi-elastic neutron scattering (QENS) has been employed to probe the water 
dynamics and reaction mechanisms occurring during the formation of NaOH- and Na2SiO3-
activated slags, an important class of low-CO2 cements, in conjunction with isothermal conduction 
calorimetry (ICC), Fourier transform infrared spectroscopy (FTIR) analysis and N2 sorption 
measurements. We show that the single ICC reaction peak in the NaOH-activated slag is 
accompanied with a transformation of free water to bound water (from QENS analysis), which 
directly signals formation of a sodium-containing aluminum-substituted calcium-silicate-hydrate 
(C-(N)-A-S-H) gel, as confirmed by FTIR. In contrast, the Na2SiO3-activated slag sample exhibits 
two distinct reaction peaks in the ICC data, where the first reaction peak is associated with 
conversion of constrained water to bound and free water, and the second peak is accompanied with 
conversion of free water to bound and constrained water (from QENS analysis). The second 
conversion is attributed to formation of the main reaction product (i.e., C-(N)-A-S-H gel) as 
confirmed by FTIR and N2 sorption data. Analysis of the QENS, FTIR and N2 sorption data 
together with thermodynamic information from the literature explicitly shows that the first reaction 
peak is associated with the formation of an initial gel (similar to C-(N)-A-S-H gel) that is governed 
2 
 
by the Na+ ions and silicate species in Na2SiO3 solution and the dissolved Ca/Al species from slag. 
Hence, this study exemplifies the power of in situ QENS, when combined with laboratory-based 
characterization techniques, in elucidating the water dynamics and associated chemical 
mechanisms occurring in complex materials, and has provided important mechanistic insight on 
the early-age reactions occurring during formation of two alkali-activated slags. 
2 Introduction 
Alkali-activated materials (AAMs) are a class of sustainable cements synthesized by mixing 
aluminosilicate precursors with alkaline activating solutions, where the precursor particles 
dissolve and reprecipitate to form an interconnected gel network. When properly formulated, the 
resulting AAM binders exhibit favorable mechanical properties similar to hydrated ordinary 
Portland cement (OPC),1 that is the main binder material used in concrete production. Due to the 
massive usage of OPC around the world (~4.1 billion tons in 2017),2 the cement industry alone is 
responsible for approximately 5-9% of the global anthropogenic CO2 emissions.3-5 The negative 
sustainability aspects of OPC have catalyzed the research and development of alternative 
cementitious binders, with AAMs being one of the most promising candidates.3 Compared with 
OPC, AAMs can have a substantially lower CO2 emissions (up to ~80%4) as they are produced 
using precursor powders from industrial by-products (e.g., blast furnace slag and coal-derived fly 
ash) and naturally abundant ashes and clays.5, 6 In addition to the sustainability benefits outlined 
above, certain AAMs exhibit superior thermal properties and higher resistance to chemical attack 
(e.g., sulfate attack) when compared with OPC-based materials.5, 7, 8 
 
The formation process of AAMs consists of dissolution of precursor particles and precipitation of 
reaction products, where dissolution and precipitation reactions occur concurrently, similar to the 
OPC hydration process. This formation process not only controls the early-age properties of AAMs 
(e.g., workability, setting, and hardening) and subsequent strength development but also dictates 
evolution of the pore structure and associated long-term durability performance. Many studies 
have shown that the formation processes of AAMs, along with their early-age and long-term 
properties, vary considerably depending on the precursor attributes (chemical and physical 
properties), activator chemistry and curing conditions (e.g., ambient or elevated temperature)7, 9-15. 
However, the exact formation mechanisms occurring during the alkali-activation reaction 
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involving different precursor attributes and activator chemistries remain somewhat unknown, 
although recent studies have provided important mechanistic insight on specific AAM systems.12, 
16-21 One challenge that limits our ability to elucidate the exact formation mechanisms occurring 
on the order of hours (as opposed to days) is the need for experimental tools that allow for these 
mechanisms to be probed in situ and in a non-destructive manner.  
 
The most common characterization technique used to study in situ reaction kinetics of OPC and 
AAMs is isothermal conduction calorimetry (ICC), which measures heat flow during the hydration 
or activation process.10-12, 20, 22 This technique has greatly improved our understanding of OPC 
reaction kinetics, and is ideal for pin-pointing when the main binder phase, calcium-silicate-
hydrate (C-S-H) gel, precipitates during hydration of OPC.22 However, for formation processes 
that possess multiple reaction peaks in the heat flow data, such as an AAM based on silicate 
activation of blast furnace slag,9, 13, 15 ICC cannot determine the reaction type (i.e., dissolution 
versus precipitation) or reveal which reactants are involved. Other experimental characterization 
techniques that are capable of providing valuable insight on the reactions mechanisms in cement-
based systems include neutron and X-ray scattering,12, 23-39 pair distribution function (PDF) 
analysis,17, 18, 34, 39, 40 X-ray nanotomography,41 nuclear magnetic resonance (NMR),42, 43 
differential scanning calorimetry,44 and Fourier transform infrared spectroscopy (FTIR).21, 45 One 
key neutron scattering technique that has been widely used to study reaction kinetics and 
associated mechanisms in OPC-based materials is quasi-elastic neutron scattering (QENS),23-27, 29, 
37, 44 which traces the evolution of different H/H2O components (e.g., bound and free water) during 
the hydration process.  
 
Owing to the extremely large incoherent neutron scattering cross section of hydrogen atoms (H-
atoms) compared with the other elements in cementitious materials (e.g., Ca, Si, Al, Mg, O, Na, S, 
Fe), over 99% of the signal in a QENS measurement is attributed to the dynamic behavior of H-
atoms in these systems.23 Furthermore, chemically bound or constrained H-atoms contribute to the 
QENS spectrum differently from that of mobile H-atoms, and, as a result a QENS measurement 
allows for quantification of different H/H2O environments within a cementitious system. By 
tracing the evolution of these different H/H2O environments as a function of reaction time, in situ 
QENS provides a direct measure of the hydration reaction in a cementitious system where free 
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water (that starts off as the mixing water) is converted to (i) chemically bound H/H2O associated 
with the reaction products (e.g., interlayer H2O in C-S-H gel and OH units in both C-S-H and 
Ca(OH)2 for OPC-based systems) and (ii) constrained water in gel pores or on pore surface.23, 27, 
31 Some of the original free water remains as such during the formation reaction, since large pores 
(i.e., capillary pores) containing H2O (and ions) also emerge as the reaction proceeds.32, 46 In situ 
QENS has been shown to be particularly valuable for studying reaction kinetics and mechanisms 
when combined with simple nucleation/growth models and/or ICC measurements.23-26, 29, 37 
Another neutron scattering technique that is sometimes employed together with QENS is inelastic 
neutron scattering (INS),28, 29 which is capable of probing the intramolecular vibrational and 
librational modes of H2O molecules 47 present in materials and also has been used for OPC-based 
materials to provide complementary data on Ca(OH)2 formation.28, 29 The use of in situ QENS to 
study low-CO2 cementitious binders, such as AAMs, has so far been limited. To date, there is only 
one QENS study in the AAMs literature where in situ QENS was used to probe the formation 
process of a low-Ca fly ash-based AAM.33 
 
In this study, in situ QENS and INS are employed for the first time to investigate the reaction 
kinetics and formation mechanisms of alkali-activated slags (AASs), a type of AAMs. We have 
collected in situ QENS and INS data for two AAS samples activated with different activator 
solutions (i.e., NaOH and Na2SiO3) during their initial ~8-12 hours of reaction. The in situ QENS 
and INS data have been fitted with several commonly used models, allowing for accurate 
quantification of the different H/H2O environments (chemically bound, constrained and free) 
present in the AASs as a function of reaction time. The resulting QENS water indices have then 
been compared with ICC, FTIR and N2 sorption data to enable the dominant formation 
mechanisms to be elucidated. Hence, this investigation exemplifies the power of a in situ QENS 
for quantifying the evolution of different H/H2O environments in a complex chemical reaction 
occurring on the order of minutes to hours to days, shedding light on the dominant reaction 
processes occurring at different stages during the in situ measurement.  
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3 Materials & Methods 
3.1 Materials 
Two types of alkaline solutions (i.e., NaOH and Na2SiO3) were used to activate ground granulated 
blast furnace slag (hereinafter referred to as slag) with a chemical composition of ~33.9 wt. % 
CaO, ~37.0 wt. % SiO2, ~9.0 wt. % Al2O3, and ~14.3 wt. % MgO.48 The NaOH solution was 
prepared by dissolving NaOH pellets (Sigma-Aldrich, reagent grade) in distilled water (18 
MΩ·cm), whereas the Na2SiO3 solution was prepared by adding NaOH pellets and distilled water 
to a commercial sodium silicate solution (Type D from PQ Corporation) to obtain a Na2O/SiO2 
molar ratio of 1. The pastes were formulated to give a mix proportion of 7 g Na2O and 40 g water 
for 100 g of slag. 
3.2  Experimental Details 
3.2.1 Quasi-elastic neutron scattering and inelastic neutron scattering (QENS-INS) 
Both the QENS and INS (denoted as QENS-INS) measurements were performed simultaneously 
on the VISION spectrometer at the Spallation Neutron Source (SNS), Oak Ridge National 
Laboratory (ORNL). The AAS sample was hand mixed for about 2 mins, and immediately after 
mixing, 5-6 g of the mixture was loaded into a cylindrical vanadium sample container. QENS-INS 
spectra were collected from ~−2 to ~1000 meV on the AAS mixture for ~8-12 hours at room 
temperature (i.e., ~300 K). The data have been binned every 5 min during the initial hour and every 
hour afterwards. It is estimated that the first data point was collected at approximately 10 min after 
mixing. A number of spectra were also collected on bulk water at different temperatures (i.e., 280-
320 K) and supercooled ice at ~5 K. All the analysis was based on data from the backscattering 
bank, which has a Q-value of ~2.5 Å−1 at the elastic line. This corresponds to a spatial resolution 
of d = ~2.5 Å (d = 2π/Q), meaning that any diffusive motions within a ~2.5×2.5×2.5 Å3 cage 
appear static to the instrument in this study. This Q-value is similar to what was used in several 
previous QENS studies on OPC-based systems (1.9-2.4 Å−1).23, 24, 28, 49 
3.2.2 Isothermal conduction calorimetry (ICC) 
ICC measurements on the NaOH- and Na2SiO3-activated slags were conducted using a TAM Air 
isothermal calorimeter (TA Instruments). The AAS samples were prepared following the same 
mixing protocol adopted for the QENS-INS experiments. Immediately after mixing, ~5 g of AAS 
sample was transferred to a standard plastic container and then loaded in the calorimeter, together 
with a reference container with ~5 g of deionized water. Data were collected continuously for 24 
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hours at ~25 °C, and the heat released due to alkali-activation reaction was calculated by 
subtracting out the data from the reference container. An additional ICC test was performed on a 
slag-water mixture that had the same amount of slag and water as the two AAS samples, following 
the same mixing protocol outlined above.  
3.2.3 Fourier transform infrared spectroscopy (FTIR) 
Attenuated total reflectance (ATR)-FTIR measurements were performed on the AAS samples at 
different activation times over a period of 2-4 days after initial mixing, using a PerkinElmer FTIR 
instrument (Frontier MIR with a Frontier UATR diamond/ZnSe attachment) purged with an N2 
flow. For each measurement, 32 scans were collected from 4000 to 500 cm−1 with a resolution of 
4 cm−1. To facilitate the assignment of the FTIR peaks in the AAS samples, FTIR spectra were 
also collected on the neat slag and activator solutions (i.e., NaOH and Na2SiO3). 
3.2.4 N2 sorption 
N2 sorption experiments were performed on the AAS samples that had reacted for ~6 and ~12 
hours in order to examine the development of the pore structure during the early stages of reaction. 
After allowing the samples to undergo the alkali-activation reaction for the designated time in a 
sealed container, the samples were crushed and sieved to obtain particles with diameters of 0.5-1 
mm. The particles were then soaked in an isopropyl alcohol bath (~1 g of sample per ~200 mL of 
isopropyl alcohol) for ~24 hours to stop the activation reaction and lower the surface tension during 
subsequent drying. Once filtered from the isopropyl alcohol, the particles were vacuum dried at 
room temperature for ~3-4 days using a vacuum pump. N2 sorption measurements were performed 
on the samples using a Micromeritics 3Flex instrument after degassing the sample in the degassing 
port of the instrument for approximately 1 day at ~333 K. 
4 Results & Discussion 
4.1 Typical QENS-INS Spectra 
Figure 1 shows a typical QENS-INS spectrum (from ~ −2 to 400 meV) collected on a freshly 
mixed Na2SiO3-activated slag sample using VISION (first data point collected at ~10 min after 
mixing), together with the QENS-INS spectra of bulk water at 290 K and ice Ih at 5 K from the 
same instrument. It is evident that the QENS-INS spectrum of the Na2SiO3-activated slag sample 
resembles that of the bulk water and is relatively featureless compared with the ice Ih spectrum, 
where well-defined features are clearly observed (e.g., hydrogen bond stretching and 
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intermolecular translation modes, as labeled in Figure 1). These well-defined features in the ice Ih 
spectrum are attributed to the ordered structure of the ice Ih crystal and are consistent with data 
reported in the literature.50, 51 In contrast, these well-defined features are absent in the Na2SiO3-
activated slag sample, where the only apparent features in the spectrum are a sharp elastic peak 
centered at ~0 meV and a broad diffuse water librational peak located at ~40-140 meV, similar to 
the case of bulk water. This sharp peak at ~0 meV is a superimposition of elastic and quasi-elastic 
scattering response of neutrons, which is generally referred as quasi-elastic neutron scattering 
(QENS) in the literature. The elastic response of neutrons results from collisions with tightly bound 
H/H2O with motions slower than that of the instrument resolution, whereas the quasi-elastic 
response is mainly attributed to collisions with more mobile H/H2O in the sample. The former 
results in sharping of QENS while the latter leads to broadening of QENS, with higher mobility 
H/H2O giving a larger extent of quasi-elastic broadening.  
 
Figure 1. Comparison of the QENS-INS spectrum of a freshly mixed Na2SiO3-activated slag 
sample (data collected at approximately 10 min after mixing) with pure liquid water at 290 K and 
ice Ih at 5 K. To facilitate comparison, each data set has been normalized by the total area below 
the corresponding spectrum, which reflects the total amount of H-atoms in each sample. Note that 
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the normalized intensity in the main figure is given on a logarithmic axis. The inset figure is a 
zoom of the elastic peak centered at ~0 meV on a linear axis. 
 
A closer examination of the QENS component (inset in Figure 1) reveals that both the intensity 
and the extent of broadening for the Na2SiO3-activated slag sample lie between that of the 5 K ice 
Ih and the 290 K bulk water, where ice Ih exhibits a mainly elastic scattering response with little 
quasi-elastic broadening whereas the bulk water sample is dominated by quasi-elastic broadening. 
This behavior is expected since for 5 K ice Ih the H-atoms have a residence time much longer than 
what VISION can resolve (i.e., the H-atoms appear stationary to the instrument) and therefore 
these H-atoms scatter neutrons elastically. On the other hand, bulk water has a residence time of 
~1.1-1.65 ps,52-55 and hence the H2O molecules are mobile under the energy resolution of the 
current experiment (approximately 6.6 ps, as discussed in the next section), giving rise to the quasi-
elastic broadening seen in Figure 1. The QENS component of the freshly mixed Na2SiO3-activated 
slag sample is narrower compared with that of bulk water, indicating that H/H2O in the former is 
less mobile. Previous studies have shown that a number of factors can slow down the mobility of 
H/H2O, including lowering the temperature,53, 54, 56, 57 ion solvation,57, 58 interaction with solid 
surfaces,52, 59-61 and confinement by nanoscale pores.54, 56, 59, 62 Given that the Na2SiO3-activated 
slag sample was measured at a higher temperature than the bulk water sample (i.e., 300 K versus 
290 K), the lower H/H2O mobility in the Na2SiO3-activated slag can be attributed to the presence 
of (i) ions (i.e., Na+ and silicate species in the original Na2SiO3 solution along with any dissolved 
species from slag particle surface upon mixing) and (ii) solid surfaces (i.e., slag particles). A 
detailed analysis of the impact of these different factors on H/H2O mobility in freshly mixed AAMs 
will be presented in Section 4.3, based on fitting of the QENS spectra (presented in Section 4.2) 
and literature data. 
 
In addition to the QENS component, the QENS-INS spectrum of the Na2SiO3-activated slag 
sample also clearly exhibits a visible water librational feature at ~40-140 meV (Figure 1), although 
this feature is not as well defined as the corresponding feature in the 5 K ice Ih sample. The position 
of the librational peak is an indication of rotational mobility of H2O, with a higher energy transfer 
value associated with a lower rotational mobility.47, 63 It is clear from Figure 1 that the librational 
feature of Na2SiO3-activated slag mixture is slightly shifted to a higher energy transfer value 
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(peaked at ~72 meV) compared with bulk water (peaked at ~64 meV), indicating that the rotational 
mobility of H2O in the former is lower. This result agrees with the QENS data (as already discussed 
above) and is also consistent with previous INS studies where it has been shown that ion solvation 
and interaction with solid surfaces result in a higher energy transfer for the water librational peak 
position.47, 50, 63  
 
4.2 Notes on Data Analysis 
Figure 2 shows the evolution of the QENS component of the QENS-INS spectrum for the Na2SiO3-
activated slag sample during the initial ~7.5 hours of reaction. It is seen that the QENS spectrum 
sharpens with the progress of reaction, due to a transition from mobile H2O (quasi-elastic response) 
to less mobile H/H2O (elastic response). Similar sharpening behavior of QENS spectra during the 
early stages of OPC hydration has been reported,23, 30, 31 and is generally attributed to a conversion 
of mobile H2O to tightly bound/constrained H/H2O. The data in Figure 2 illustrate that the QENS 
component of the QENS-INS spectrum collected at VISION contains a wealth of useful 
information that can be exploited with proper data analysis. Hence, although VISION is not a 
dedicated QENS instrument, the wide energy transfer coverage allows for QENS analysis to be 
carried out, in conjunction with examination of the higher energy H/H2O INS dynamics (e.g., water 
libration). 
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Figure 2. Evolution of the elastic peak for Na2SiO3-activated slag with the progress of reaction. 
These data have been normalized by the total area under the 1-hour QENS-INS spectrum of this 
sample (from ~ −2 to 1000 meV). 
 
To quantify the changes occurring in the QENS-INS data, fitting of the QENS and water librational 
components of the QENS-INS spectra has been performed with commonly used models 
documented in the literature. A “Gaussian + Lorentzian” model, which has been extensively used 
in the past for QENS analysis of cementitious materials,23-28, 49 has been employed here to fit this 
component of the spectrum. A double-Lorentzian model was chosen here mainly because a 
previous QENS study (with similar energy resolution and Q-value as the current study) on the 
hydration of pure tricalcium silicate (the major component of OPC) has explicitly showed that a 
double-Lorentzian model is more physically realistic than a single-Lorentzian model, where the 
two Lorentzians have been attributed to constrained and free water respectively.24 We have fitted 
our QENS data with single-, double- and triple-Lorentzian models, and the results for all the 
samples (Figure S1 in the Supporting Information) further justify the selection of the double-
Lorentzian model for the current study.   
 
The double-Lorentzian model for the QENS response can be written as follows24:  
 𝑆"#$(𝜔) = )𝐴𝛿(𝜔 ≈ 0) + 𝐵0 1 234(235675)8 + 𝐵9 1 254(255675)8:⨂ 1< 0=√94? 𝑒AB75 9=5⁄ D8 + (𝐶 + 𝐷𝜔)                           
--------------------------------------------------------------------------------------------------------------- (1) 
 
where Sinc(w) is the incoherent scattering intensity, and w is the energy transfer of the scattered 
neutrons. G1 and G2 are the half-width at half-maximum (HWHM) of the two Lorentzians. The 
instrument resolution is approximated by a Gaussian function, with s denoting the Gaussian 
standard deviation.23, 24 The HWHM of the instrument resolution has been determined by fitting 
the QENS spectrum of 5 K ice Ih with a Gaussian, as illustrated in Figure 3a. It is seen that a 
Gaussian with HWHM of 0.10 meV is in excellent agreement with the 5 K ice Ih data, hence the 
instrument resolution has been fixed at this value for the remainder of this study. The energy 
resolution of 0.10 meV corresponds to a residence time of 6.6 ps, as determined using τ (ps) = 
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ћ/G(HWHM).55 The prefactors A, B1 and B2 dictate the intensity of the Gaussian and the two 
Lorentzians, respectively. C + Dw  is a linear background, which is determined by fitting the 1-
hour spectrum of each sample type and subsequently keeping the background fixed for the data 
fitting of other spectra.  
 
The broader Lorentzian (G2) in the above model represents free water, where the molecular 
motions of the water molecules are not hindered by any external constraints (e.g., ion solvation, 
interaction with solid surfaces and nanoconfinement). Hence, G2 needs to be fixed to an 
experimentally determined value for a given temperature and Q-value, as has been done in a 
previous QENS study on OPC-based systems.24 To determine G2, we have analyzed several bulk 
water data sets that were collected at different temperatures on the VISION instrument by fitting 
the QENS component using a single Lorentzian convoluted with the instrument resolution function 
(approximated by the Gaussian shown in Figure 3a) together with a linear background. The quality 
of one fit is illustrated in Figure 3b, and the fit results are presented in Figure 3c, where it is clear 
that the HWHM of bulk water increases almost linearly with the measurement temperature, and a 
temperature of 300 K gives a HWHM of ~0.54 meV. This value aligns with previous QENS 
measurements where HWHM values of 0.50-0.75 have been reported for bulk water at similar 
temperatures and Q-values.24, 56, 64 Furthermore, a HWHM of 0.54 meV corresponds to a residence 
time of ~1.20 ps, which is also in general agreement with residence time measurements of bulk 
water from other experiments (~1.10-1.60 ps).54, 55 Hence, the HWHM of the broader Lorentzian 
(i.e., G2) is fixed at 0.54 meV during the fitting process of the AAS samples while four parameters 
in the double-Lorentzian model (i.e., A, B1, B2 and G1) are refined. 
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Figure 3. Typical QENS peak of (a) ice Ih at 5 K, and (b) bulk liquid water at 310 K from QENS-
INS measurement on the VISION instrument. A Gaussian function has been used to fit the ice data 
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in (a), whereas a Lorentzian convoluted with the Gaussian determined in (a) was used to fit the 
bulk water data in (b). (c) shows the impact of temperature on the HWHM of the Lorentzian of 
bulk water, as determined using the model shown in (b). 
 
A typical fit of the QENS data for the Na2SiO3-activated slag sample with the double-Lorentzian 
model is illustrated in Figure 4, which shows excellent agreement between the experimental data 
and the model. Based on the fit results, we have calculated the bound water index (BWI), 
constrained water index (CWI) and free water index (FWI), which are defined as follows: 𝐵𝑊𝐼 = 𝐴I𝐴I + 𝐴J0 + 𝐴J9 𝐶𝑊𝐼 = 𝐴J0𝐴I + 𝐴J0 + 𝐴J9 𝐹𝑊𝐼 = 𝐴J9𝐴I + 𝐴J0 + 𝐴J9 
where AG, AL1, AL2 are the areas under the Gaussian and the two Lorentzians, respectively. Hence, 
the BWI accounts for the fraction of H/H2O in the system that have motions (rotation or diffusion) 
slower than the energy resolution of the instrument (i.e., 0.10 meV for HWHM of Gaussian as 
determined in Figure 3a). The FWI represents the fraction of H2O in the system that have motions 
similar to bulk free water, whereas CWI denotes the rest of H/H2O in the system that have motions 
faster than the instrument resolution but slower than bulk free water.  
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Figure 4. Typical fit of the QENS component for the Na2SiO3-activated slag sample (1 hour after 
mixing) with the double-Lorentzian model. 
 
The broad librational peak in the INS spectrum is a reflection of rotational mobility of water 
molecules in the system, and this peak can be deconvoluted into three Gaussians (as shown in 
Figure 5), which account for the rock, wag, and twist modes of water libration, respectively.63 The 
weighted librational peak position (WLPP) has been used to quantitatively compare the librational 
peak of each sample, which is defined as: 𝑊𝐿𝑃𝑃 = 𝐴I0 ∙ 𝑃I0 + 𝐴I9 ∙ 𝑃I9 + 𝐴IO ∙ 𝑃IO𝐴I0 + 𝐴I9 + 𝐴IO  
where AG1, AG2 and AG3 are the areas under the three Gaussians, and PG1, PG2 and PG3 are the peak 
positions of the three Gaussians, respectively. The WLPP denotes the weighted average energy 
required to excite the water libration mode, with a higher WLPP value indicating lower water 
librational mobility. The evolution of WLPP with the progress of reaction for the two AASs, and 
its correlation with the QENS data are presented and discussed in the Supporting Information 
(Figure S2). 
 
 
 
Figure 5. Deconvolution of the broad librational peak from INS for the Na2SiO3-activated slag 
sample at 1 hour after mixing. 
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4.3 Water Dynamics in Alkaline Activation Solutions 
There are many different H/H2O environments present in AASs, as summarized in Table 1. It is 
important to understand how these H/H2O environments contribute to the different water indices 
(i.e., BWI, CWI, and FWI) introduced in Section 4.2, before examining the evolution of these 
water indices with the progress of the alkali-activation reaction. This understanding can be 
obtained by combining literature data on the residence time of the different H/H2O environments 
(as summarized in Table 1) with analysis of the QENS data for freshly mixed AAMs (~10 min 
after mixing), where the QENS data are dominated by the properties of the original activator 
solution due to the limited extent of reaction. 
 
Table 1. Summary of the main types of H/H2O environments present in AASs and their 
assignments to different water indices.  
Major H/H2O environments in 
AASs 
Residence time from 
literature Contribution to water indices 
Experiments 
Molecular 
dynamics 
(MD) 
simulations 
BWI             
(> ~6.6 ps) 
CWI               
(< ~6.6 ps) 
FWI             
(~1.3 ps) 
H/H2O chemically bound in the 
reaction products (e.g., C-(N)-A-S-H) > ~100 ps
55  Yes - - 
H-atoms chemically bound in silicate 
monomer/oligomers N/A N/A Yes - - 
H2O adsorbed on solid surface of 
reaction products 
 ~5-1000 ps52, 
65, 66 Yes Yes - 
H2O solvating Na+  ~10-25 ps67-70 - Yes - 
H2O solvating silicate 
monomer/oligomers N/A N/A Yes Yes - 
H2O confined in pores of ~2-3 nm ~2-3 ps64 ~2-5 ps - Yes - 
Free H2O in large capillary pores    - - Yes 
 
As shown in Table 1, there are primarily three types of H/H2O in AASs that contribute to BWI, 
where the motions of H/H2O are slower than the instrument resolution. The first major contributor 
to BWI is chemically bound H/H2O that is incorporated into the structure of the reaction products.  
Due to the high Ca content in blast furnace slag, the main binder phase formed in AAS is a sodium-
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containing aluminum-substituted calcium-silicate-hydrate (C-(N)-A-S-H) gel, which contains a 
large portion of chemically bound H, similar to the C-S-H gel in OPC-based systems.5, 24, 30 In 
addition to the C-(N)-A-S-H gel, secondary product phases (e.g., hydrotalcite-like and AFm phases) 
are often observed in AASs,5, 9, 12, 48, 71 which also contain chemically bound H/H2O. These 
chemically bound H/H2O in solid phases have a residence time longer than ~100 ps,55 which is 
much longer than what the instrument can resolve (~6.6 ps).  
 
The second contribution to the BWI are the H-atoms in silicate monomers/oligomers residing in 
the AAS pore solution. There is a lack of QENS data or other studies in the literature reporting the 
residence time of H-atoms in silicate monomers/oligomers. Nevertheless, analysis of the BWI for 
the initial activator solutions (Figure 6a) shows that the BWI increases significantly as the Si 
concentration of the activator solution increases. This clearly suggests that the H-atoms in silicate 
monomers/oligomers contribute to BWI. In addition, NMR studies on aqueous Na2SiO3 solutions 
showed that silicate monomers have a self-diffusion coefficient of ~1.9 × 10−10 m2/s,72 which is 
more than an order of magnitude lower than that of bulk water at ~296 K (~2.3 × 10−9 m2/s).73 It 
has been shown that the residence time of bulk water increases from ~1.1 to ~23 ps when its self-
diffusion coefficient is lowered to ~4.0 × 10−10 m2/s.54 Hence, these findings suggest that the H-
atoms in silicate monomers/oligomers have a residence time longer than ~23 ps, meaning that it is 
reasonable to assign these H-atoms to the BWI.  
 
H-atoms in aluminate monomers and alumina-containing oligomers should also contribute to the 
BWI,74 however, their contribution is likely to be relatively small compared with the H-atoms in 
silicate species because the aluminate concentration in the pore solution of AASs is at least 1-2 
orders of magnitude smaller than the silicate concentration according to thermodynamic 
calculations.71 Another contribution to the BWI in AASs is H2O adsorbed on the surface of the 
dissolving precursor particles and the precipitating reaction products (e.g., slag and C-(N)-A-S-H 
gel), since translational residence times of ~100-1000 ps have been reported for water molecules 
on C-S-H/silica surfaces.52, 65, 66 However, one of these investigations (utilizing molecular dynamics 
(MD) simulations65) showed that the rotational residence time of H2O molecules on silica surfaces 
is only 2 times higher than that of bulk water, which suggests that the adsorbed H2O on solid 
surfaces may also contribute to the CWI. 
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Other types of H/H2O in the AAS that are assigned to CWI are mainly H2O molecules solvating 
ionic species in the pore solution (i.e., Na+ and silicate species), as illustrated in Table 1. It is noted 
that there are also Mg2+ and Ca2+ ions and aluminate monomers in the AAS pore solution, however, 
the H2O molecules solvating these ions/species are not considered here because these 
ions/monomers are at much lower concentrations compared with Na+ and silicate species in the 
AAS pore solution.71 The impact of Na+ on water dynamics has been examined using MD 
simulations which revealed that the residence time of H2O molecules in the 1st solvation shell of 
Na+ is ~10-25 ps,57, 68-70 suggesting that the H2O molecules solvating Na+ ions should be assigned 
to the BWI. However, Figure 6a clearly shows that the BWI of the three NaOH solutions are 
similar despite their large difference in concentrations (~5.6, ~8.2 and ~10.0 M). In contrast, the 
CWI of these NaOH solutions is seen to increase almost linearly with increasing NaOH 
concentration (Figure 6b). These results show that the H2O molecules solvating Na+ actually 
contribute to the CWI. The large residence time given by the MD simulations can be attributed to 
the fact that MD tends to overestimate the residence time of H2O. For instance, many MD studies 
have shown that the residence time of bulk water at room temperature is about 3-10 ps,57, 60, 65, 68, 
69 which is about 2-5 times higher than those obtained experimentally (~1.1-1.6 ps).54, 55 Therefore, 
it is reasonable to assign H2O molecules solvating Na+ ions to the CWI based on the above 
observations in Figures 6a and 6b. 
 
Figure 6b also shows that the 2.8 M Na2SiO3 solution has a much higher CWI than the 5.6 M 
NaOH solution, although their Na concentrations are the same (5.6 M). Hence, the H2O molecules 
solvating silicate monomers/oligomers in the 2.8 M Na2SiO3 solution should be assigned to CWI. 
Another observation in Figure 6b that supports this assignment is that the data point for the 2.8 M 
Na2SiO3 solution falls within the linear increasing trend observed for the three NaOH solutions 
and bulk water. However, at higher concentrations of Na2SiO3 (i.e., 4.1 and 5.0 M), where the 
Na+Si concentration is high (i.e., 12.3 and 15.0 M), the CWI is seen to decrease with Na+Si 
concentration (Figure 6b). This could be attributed to a reduction in the number of H2O molecules 
that are able to fully solvate each ion (refer to Supporting Information for calculations), leading to 
some of the H2O molecules to be transformed from CWI to BWI. This transformation also explains 
the exponential increase (as opposed to linear increase) of BWI with increasing concentration of 
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Na2SiO3 as shown in Figure 6a. Furthermore, it is seen in Figure 6c that FWI is inversely correlated 
with Na+Si concentration of the solution, with a higher concentration leading to a smaller FWI.  
 
Confinement of H2O in nanosized pores also has a large impact on the H2O dynamics, as has been 
shown in many previous QENS and INS studies.54, 56, 59, 62  A recent QENS measurement on porous 
silica and zeolites showed that confinement in ~2-5 nm pores increases the residence time of ~296-
300 K water from ~1.1 ps to ~2-4 ps (averaged over all the confined water molecules in the 
pores),54, 64 which would contribute to the CWI in this investigation. During the initial period of 
AAS formation where the extent of reaction is small, the impact of confinement is negligible due 
to the absence of a well-developed pore structure. However, with the progress of reaction, small 
gel pores in the range of ~2-5 nm will start to develop as shown in a recent small-angle neutron 
scattering (SANS) study32 as well as our N2 sorption measurements on the same AAS samples that 
have reacted for 6 and 12 hours (see Section 4.5.2).  
             
  
Figure 6. (a) Relationship between bound water index (BWI) of the freshly mixed alkali-activated 
materials (~10 min after mixing) and the Si concentration of the corresponding activator solutions. 
(b) and (c) show the correlations between constrained water index (CWI) and free water index 
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(FWI) of the same freshly mixed alkali-activated materials and the Na+Si concentration of the 
corresponding activator solutions, respectively. The indices for bulk water at 300 K are also given 
in the figures. The red dashed lines are provided to guide the eye. 
 
4.4 Isothermal Conduction Calorimetry (ICC) 
ICC is a commonly used technique to probe the kinetics of reaction for AAMs,10, 11, 13-15, 75 and is 
employed here to provide complementary information for the QENS data. Figure 7 shows the ICC 
heat flow and cumulative heat curves during the initial ~12 hours of reaction for the NaOH- and 
Na2SiO3-activated slags. Both samples exhibit an intense heat flow peak immediately after mixing 
(within the first 10 min), which is commonly observed in both AAM and OPC-based systems.12, 
22, 75 This initial peak has generally been attributed to dissolution and wetting of particle surface 
upon mixing in cementitious systems.12, 22 However, Figure 7b shows that this initial intense heat 
flow peak resembles that of the slag-water mixture where it is known that slag dissolution and 
precipitation reactions are much slower in water than in alkaline solutions.6, 76 These results, along 
with the ICC data on a metakaolin-water mixture (refer to Figure S3 and the discussion in the 
Supporting Information), suggest that the initial heat flow in AASs is dominated by wetting of 
particle surfaces, however, a detailed analysis and discussion of this behavior is beyond the scope 
of the current paper. It is shown in Figure 7 that, in addition to the initial wetting peak, the NaOH-
activated slag exhibits a single reaction peak (centered at ~3 hours, see Figure 7a) while the 
Na2SiO3-activated slag exhibits two reaction peaks (one at ~40 min and the other at ~6 hours, as 
visible in Figure 7a). The observation of single and double reaction peaks for the two types of 
AASs are consistent with previous ICC studies on hydroxide-12, 15 and silicate-activated slags,9, 13, 
15 although their peak positions differ considerably depending on the curing temperature, activator 
chemistry (i.e., alkalinity), and slag chemistry.9, 13, 15, 75 As reported in the literature, the single 
reaction peak for the NaOH-activated slag is attributed to precipitation of the main binder gel (i.e., 
C-(N)-A-S-H),12 which is also the case for the second reaction (at ~6 hours) for the Na2SiO3-
activated slag.14 However, the exact cause of the first reaction peak in Na2SiO3-activated slag is 
unknown. Although several studies13-15, 77 have postulated the formation of a “primary C-S-H” 
during the first reaction peak in this system, resulting from the reaction between Si species from 
the original Na2SiO3 solution and dissolved Ca2+ from the slag surface, direct experimental 
evidence is needed in support of this claim. 
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Figure 7. (a) Heat flow and cumulative heat for the NaOH- and Na2SiO3-activated slags during the 
initial 12 hours of reaction, obtained using ICC. The data for a slag-water mixture are also shown. 
(b) is a zoom of the initial 1.5 hours of reaction. 
 
4.5 Evolution of QENS Water Indices 
4.5.1 NaOH-activated slag 
The evolution of BWI with the progress of reaction for the NaOH-activated slag is presented in 
Figure 8a, which shows that the BWI increases continuously with time, with a higher rate of 
increase during the initial ~4.5 hours and lower rates thereafter. This trend of evolution follows 
closely with the cumulative heat curve from ICC as also shown in Figure 8a, clearly demonstrating 
that the single reaction peak in this sample (Figure 7a) is captured by the BWI data. Nevertheless, 
it is seen that the rapid increase in the BWI occurs approximately 1 hour earlier than that in the 
ICC cumulative heat data. This shift indicates that there are strong chemical reactions occurring 
even during the induction period (i.e., the initial ~1.5 hours) when the heat flow is low. 
 
To illustrate this point, we plotted the BWI, FWI and CWI against the cumulative heat in Figure 
8b, where a continuous increase of BWI and a decrease of FWI are seen with increasing cumulative 
heat. Both the BWI and FWI are seen to be almost linearly correlated with the ICC cumulative 
heat during the initial hour (refer to Figure S4 in the Supporting Information for a zoom of the first 
2.5 hours data) and after ~2.5 hours, although their slopes of increase/decrease change 
considerably between the early-age behavior (initial hour) and later stage (~2.5-11.5 hours). The 
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linear correlations in both periods suggest that they each contain a dominant chemical process 
(denoted by the two dashed lines in Figure 8b for the BWI and FWI), however, the dramatic 
difference in slope between these periods indicates that the actual processes are dissimilar. 
Furthermore, the CWI remains essentially unchanged after ~2.5 hours, which suggests that the 
alkali-activation reaction after ~2.5 hours is characterized by a conversion of FWI to BWI for 
NaOH-activated slag. This conversion of FWI to BWI after ~2.5 hours is mainly attributed to the 
formation of the main reaction product in the NaOH-activated slag (i.e., C-(N)-A-S-H gel) where 
free H2O is consumed and transformed to chemically bound water in the resulting gel. The 
formation of a secondary phase (e.g., a hydrotalcite-like phase) may also contribute to this 
conversion, however, its contribution is likely to be small due to its relatively small quantity of 
formation after the main reaction peak (i.e., after ~3 hours), as illustrated by a recent quantitative 
XRD study on NaOH-activated slags.12 
 
The increased formation of C-(N)-A-S-H gel after ~2.5 hours in the NaOH-activated slag (Figure 
8b) is supported by the FTIR data given in Figure 8c, where the evolution of the main asymmetric 
Si−O−T stretching band for the same sample over a period of 4 days is displayed. During the initial 
~2 hours, no obvious change to the spectrum is observed which indicates that the extent of gel 
formation is low. However, after ~2 hours, the data show clear emergence and growth of new 
structural features at ~805, ~895, ~930 and ~985 cm−1, that are consistent with the formation of 
C-S-H-type gels and tobermorite structures.78-80 The assignment of Qn silicate species of C-S-H-
type gels to specific FTIR bands is far from straightforward, as exhibited in the literature via 
conflicting assignments,78, 79, 81 however, based on our data and key literature we have assigned 
the main band at ~930 cm−1, along with the two shoulders at ~895 and ~985 cm−1, to asymmetric 
Si−O stretching in Q2 tetrahedra associated with different neighboring environments.78, 79 
Deconvolution of the FTIR spectra (refer to Figures S5 and S6 in the Supporting Information) 
shows that the relative intensities of these bands increase/decrease almost linearly with the 
corresponding BWI/FWI. Hence, these results clearly demonstrate that the linear conversion of 
FWI to BWI after ~2.5 hours (Figure 8b) is predominately due to precipitation of the C-(N)-A-S-
H gel. 
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Figure 8. (a) Evolution of bound water index (BWI) and ICC cumulative heat with the progress of 
reaction, and (b) correlations between ICC cumulative heat and BWI, free water index (FWI) and 
constrained water index (CWI) for the NaOH-activated slag. (c) FTIR data showing the evolution 
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of the main asymmetric Si−O−T (T = Si or Al) stretching band for the sample as a function of 
reaction time up to 4 days. An FTIR spectrum of the raw slag is also shown in (c). 
 
In contrast to the correlation between BWI/FWI and cumulative ICC/FTIR data for NaOH-
activated slag after ~2.5 hours, there are limited changes in the FTIR (Figure 8c) and cumulative 
ICC data (Figures 7 and 8a) during the initial hour of reaction while at the same time the BWI and 
FWI are dramatically changing (Figure 8b). According to Table 1 and the discussion presented in 
Section 4.3, one major factor that could lead to the dramatic increase of BWI (as observed in Figure 
8b) is an increase in the concentration of silicate species arising from slag dissolution. This is 
supported by thermodynamic calculations on NaOH-activated slags,71 where the concentration of 
silicate species in the pore solution increases dramatically during the initial stage of reaction (due 
to dissolution of silicate from slag). As silicate is released from the slag (e.g., simplified description 
of slag silicate dissolution of SiO2 + 2OH− à SiO2(OH)22−) the resulting monomers/oligomers 
will be protonated to a certain degree according to the pH of the solution and the associated 
equilibrium constants (Ka values)82 which will be accompanied by a conversion of FWI to BWI. 
The increase in silicate species leads to an overall increase of Na+Si concentration in the solution 
which explains the slight increase of CWI during the initial hour of reaction (Figures 8b and S4 
(Supporting Information)).  
 
However, we cannot eliminate the contributions to BWI from two other factors: (1) the formation 
of C-(N)-A-S-H gel and secondary phases and (2) a potential increase in surface area during the 
early stages of slag dissolution. Our recent high resolution XRD data (unpublished work) show 
that a C-(N)-A-S-H-type gel along with secondary hydrotalcite-like and calcium 
hemicarboaluminate (Ca4Al2(CO3)0.5(OH)13•5H2O, hereinafter referred as Hc) phases form in a 
NaOH-activated slag immediately after mixing. Another in situ quantitative XRD study shows that 
the formation of secondary hydrotalcite-like phase is even more pronounced than C-(N)-A-S-H 
gel formation during the early stages of reaction in NaOH-activated slag.12 A detailed discussion 
on the impacts of these factors is presented in the Supporting Information, where we discuss that 
the formation of hydrotalcite-like phase (as evidenced by FTIR data in Figure S7 in the Supporting 
Information) may contribute to the BWI to the same extent as the silicate released during slag 
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dissolution. Nevertheless, further research is required to quantify the formation of the hydrotalcite-
like phase during the initial hour.  
 
One quantity that can be calculated from the data in Figure 8b is the enthalpy associated with the 
generation of bound H-atoms for the dominant chemical processes outlined above, based on the 
slopes of the BWI versus ICC cumulative heat plot. The detailed calculations of this quantity are 
presented in the Supporting Information. The results are summarized in Table 2, which shows that 
the enthalpy of generating bound H-atoms is ~1.7 kJ/mol during the initial hour and ~20.8 kJ/mol 
after ~2.5 hours. We also estimated the enthalpy of silicate release during slag dissolution, C-S-H 
gel formation and precipitation of hydrotalcite-like and Hc phases based on thermodynamic data,83 
according to the following simplified reactions (refer to the Supporting Information for the 
calculations):  
(1) Slag silicate dissolution:  𝑆𝑖𝑂9 	+ 2	𝑂𝐻B → 𝑆𝑖𝑂9(𝑂𝐻)99B + 	21.9	𝑘𝐽/𝑚𝑜𝑙   
(2) C-S-H gel formation:  𝑆𝑖𝑂9 + 𝐶𝑎𝑂 + 2	𝐻9𝑂 → 𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂9 ∙ 2𝐻9𝑂 + 114.2	𝑘𝐽/𝑚𝑜𝑙 
(3) Hydrotalcite formation:  6𝑀𝑔𝑂 + 𝐴𝑙9𝑂O 	+ 𝐶𝑂9 + 12𝐻9𝑂 → 𝑀𝑔c𝐴𝑙9𝐶𝑂O(𝑂𝐻)0c ∙4𝐻9𝑂	 − 118.2	𝑘𝐽/𝑚𝑜𝑙        
(4) Hc phase formation:	4𝐶𝑎𝑂 + 𝐴𝑙9𝑂O 	+ 0.5𝐶𝑂9 + 	11.5	𝐻9𝑂 → 𝐶𝑎g𝐴𝑙9(𝐶𝑂O)h.i(𝑂𝐻)0c ∙5𝐻9𝑂 + 566.2	𝑘𝐽/𝑚𝑜𝑙                                   
The thermochemical calculations show that silicate release during slag dissolution and formation 
of C-S-H gel and Hc phase are exothermic (reactions (1), (2) and (4)) while hydrotalcite formation 
(according to reaction (3)) is endothermic. Note that SiO2(OH)22− is used in reaction (1) because it 
has been shown to be the dominant monomeric species at the pH levels of the alkaline solutions 
used here (> ~1314, 71).82 The enthalpy of generating bound H-atoms for C-S-H gel formation 
according to reaction (2) is estimated to be ~28.6 (=114.2/4) kJ/mol, which is close to that 
estimated from our BWI data after ~2.5 hours in Figure 8b (~20.8 kJ/mol). This is consistent with 
the QENS and FTIR results (Figures 8 and S6 (Supporting Information), respectively) which 
clearly show that the dominant reaction process in the NaOH-activated slag after ~2.5 hours is the 
formation of the C-(N)-A-S-H gel. The enthalpy of generating bound H-atoms during the initial 
hour (~1.7 kJ/mol) is much lower than that estimated from silicate dissolution according to reaction 
(1) (~21.9/2=11.0 kJ/mol), suggesting that silicate dissolution is not the only major process leading 
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to the dramatic increase of BWI during the initial hour as seen in Figure 8b. The above calculations 
indicate that another major process could be the formation of hydrotalcite phase (reaction (3)) 
which exhibits a negative enthalpy of generating bound H-atoms (−118.2/24 = ~ −4.9 kJ/mol) and 
as a result lowers the overall enthalpy value for the initial hour. The potential large impact of 
hydrotalcite formation on the enthalpy of generating bound H-atoms is supported by our discussion 
in the Supporting Information, where we show that it is possible for the formation of hydrotalcite 
to have a large contribution to the BWI increase during the initial hour in the NaOH-activated slag.  
 
Furthermore, the data and calculations presented here suggest that the formation of calcium-
bearing phases (via reactions (2) and (4)) is relatively small during the initial hour. Given that 
calcium content in the pore solution of NaOH-activated slag is also extremely low during the initial 
stages of reaction,71 calcium dissolution from slag is likely to be suppressed initially in this sample 
when the pH is high and the concentrations of dissolved silicate and aluminate are not high enough 
to take dissolved Ca2+ out of the solution via precipitation. The suppression effect of high pH on 
calcium dissolution has been reported in alkali-activated metakaolin/portlandite84 and is also 
supported by our recent work (unpublished data), where it is shown that increasing alkalinity 
impede the dissolution of portlandite.  
 
Additional information on the processes occurring during NaOH activation of slag can be obtained 
by analyzing the evolution of the CWI. Both thermodynamic calculations71 and pore solution 
analysis77 have shown that the Na+Si concentration in the pore solution of NaOH-activated slags 
decreases continuously during the formation of the main binder gel when both Na+ ions and silicate 
species are incorporated into the reaction product (e.g., C-(N)-A-S-H gel). This reduction in Na+Si 
concentration will be accompanied by a reduction in the CWI according to Figure 6b, however, 
Figure 8b clearly shows that the CWI remains unchanged after ~1.5 hours. According to Table 1 
and the discussion presented in Section 4.3, other contributors to the CWI are H2O absorbed on 
pore surfaces or confined in small gel pores (~2-5 nm in diameter). The N2 sorption data in Table 
3 and Figure S8 in the Supporting Information show that the pores developed after 6-12 hours in 
this sample are predominantly capillary pores (> 10 nm) with a small proportion of gel pores (< 5 
nm), which is consistent with our recent SANS investigation on a NaOH-activated slag paste.32 As 
a result, the impact of pore confinement is limited, however, emergence of these pores and the 
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associated increase in the overall pore surface area (see N2 sorption data in Table 3) will lead to 
an increase in the CWI due to the associated increase in overall percentage of H2O molecules 
adsorbed to pore walls. As a result of this increase in adsorbed H2O (increase in CWI) and decrease 
in Na+Si concentration (decrease in CWI), the CWI remains essentially unchanged over the period 
of ~1.5-11.5 hours. 
 
4.5.2 Na2SiO3-activated slag 
The evolution of BWI with the progress of reaction for the Na2SiO3-activated slag is shown in 
Figure 9a, along with the ICC cumulative heat data. As was the case for the NaOH-activated slag 
sample, the BWI of the Na2SiO3-activated slag is seen to follow a similar trend to the cumulative 
heat curve as the reaction progresses and appears to capture the two reaction peaks seen in the ICC 
heat flow data (Figure 7). Although the BWI captures the initial rise in the cumulative heat data 
(i.e., the first reaction peak in heat flow data at ~1 hour), the second rise in the BWI is seen to shift 
to ~1 hour earlier compared with the ICC data, as also seen for the NaOH-activated slag (Figure 
8a). Figure 9b shows the correlations between the three water indices (i.e., BWI, CWI and FWI) 
and the corresponding ICC cumulative heat for the Na2SiO3-activated slag sample, where it is clear 
that the Na2SiO3-activated slag behavior is distinctly different from that of the NaOH-activated 
slag sample (Figure 8b). Specifically, the FWI and CWI for Na2SiO3-activated slag are seen to be 
inversely correlated as a function of reaction time (and ICC cumulative heat) with local 
minima/maxima at ~2-3 hours. Furthermore, the data in Figure 9b show that the first heat flow 
peak in the ICC data (Figure 7) is associated with a conversion of CWI to BWI and FWI. In contrast, 
after ~2.5 hours, both the BWI and CWI increases as a function of reaction time (and cumulative 
heat) at the expense of FWI (refer to Figure S9 in the Supporting Information for the evolution of 
CWI and FWI with time).  
 
4.5.2.1 Before ~2.5 hours 
According to the results and discussion presented in Section 4.3 (including Table 1 and Figure 6), 
the main factor controlling the FWI and CWI during the initial stage when the extent of reaction 
is low (and hence the specific surface area and existence of small gel pores are also small) is the 
Na+Si concentration in the pore solution of the AASs. For the Na2SiO3-activated slag sample 
presented in Figure 9, the Na+Si concentration of the activating solution is 8.4 M, which is within 
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the region where the CWI is directly proportional to the Na+Si concentration (Figure 6b). Hence, 
the large reduction in CWI during the initial ~2.5 hours (as shown in Figures 9b and S9 (Supporting 
Information)) can be attributed to a reduction in the Na+Si concentration in the pore solution. 
Similarly, the FWI is shown to be inversely related with the Na+Si concentration (Figure 6c), and 
hence the increase in FWI during the initial ~2-3 hours (as illustrated in Figures 9b and S9 
(Supporting Information)) also suggests a reduction in Na+Si concentration in the pore solution 
over this period. This reduction in Na+Si concentration during the initial stage of reaction for the 
Na2SiO3-activated slag is supported by thermodynamic calculations71 and pore solution analysis,77 
which showed that both the concentration of Na+ ions and silicate species decrease dramatically 
during the initial stage of reaction for this type of AASs.  
 
There are several possible reaction pathways for the reduction in the concentration of Na+ ions and 
silicate species in the Na2SiO3-activated slag sample during the initial stage of reaction. One 
possibility is polycondensation between silicate species in the original activator solution and Si/Al 
species dissolved from slag particles, with Na+ incorporated into the condensed gel to charge 
balance the aluminate species. This polycondensation reaction is similar to what happens when an 
Na2SiO3 solution is mixed with metakaolin, however, this reaction tends to reduce the BWI since 
it converts chemically bound H-atoms in silicate and aluminate monomers and aluminosilicate 
oligomers to free H2O,83, 85 as also evidenced by our QENS data on Na2SiO3-activated metakaolin 
(unpublished work). This contradicts the BWI results in Figures 9a and 9b, which clearly show a 
linear increase in the BWI during the initial ~2.5 hours. The initial slope of increase in the BWI as 
a function of the cumulative heat (and hence the enthalpy of generating bound H-atoms, as shown 
in Table 2) is closer to the time period of ~2.5 to 11.5 hours for the NaOH-activated slag rather 
than its initial ~1 hour. This observation indicates that a more probable reaction pathway 
responsible for the reduction in the pore solution Na+Si concentration of Na2SiO3-activated slag 
during the initial ~2.5 hours is the formation of a C-S-H-type gel via reactions between silicate 
species in the activator solution and Ca2+ ions dissolved from slag. 
 
The involvement of Ca2+ ions during the first ICC reaction peak of the Na2SiO3-activated slag 
(Figure 7b) is supported by thermodynamic calculations71 and pore solution analysis77 which 
showed that Na2SiO3-activated slag experiences a significant increase in the OH− concentration 
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during the initial stage of reaction. The OH− increase is mainly attributed to dissolution of calcium 
(and some magnesium) from slag since dissolution of aluminate and silicate actually consume 
OH−, as illustrated in Table S1 in the Supporting Information. However, the concentration of Ca2+ 
ions in the pore solution is maintained at an extremely low level compared with other ions (3-4 
orders of magnitude lower than the concentrations of Na+ ions and silicate species),71, 77 suggesting 
that Ca2+ ions have been taken out of the solution via product formation, promoting further 
dissolution of calcium from slag. This reaction route is similar to that of Na2CO3- and Na2SO4-
activated slags, where the dissolved Ca2+ ions from slag particles react with the anions (e.g., CO32− 
and SO42−) to form calcium carbonate/sulfate precipitates, and the OH− ion concentration increases 
due to calcium dissolution. This leads to an increase in the solution pH and enhancement of slag 
dissolution (involving the release of silicate and aluminate species) which enable for the 
subsequent formation of C-(N)-A-S-H gel (corresponding to the 2nd ICC reaction peak in Figure 
7). The ICC data for Na2CO3- and Na2SO4-activated slags also exhibit two reaction peaks (similar 
to the ICC curve of the Na2SiO3-activated slag in Figure 7), where the first peak has been assigned 
to precipitation of carbonate and sulfate salts (e.g., calcite and ettringite, respectively).14, 15, 86-88 
Hence, it is clear that the alkali salts/silicates used during alkali activation play an extremely 
important role in dictating the formation mechanisms in AASs. Moreover, it has been shown that 
the first reaction peak disappeared when using a solid source of Na2SiO3 where the silicate in the 
solid Na2SiO3 precursor is not readily available upon mixing.20 Therefore, it is reasonable to 
attribute the first reaction peak of the Na2SiO3-activated slag studied here (Figure 7) to the 
formation of a C-S-H-type gel via reaction between dissolved Ca2+ ions and silicate species in the 
activator solution.  
 
According to thermodynamic modeling,71 aluminate concentration in the pore solution decreases 
continuously after the initial increase (due to dissolution), indicating that the aluminate species 
have been incorporated into reaction products. Due to the abundance of silicate species in the 
solution, it is likely that the dissolved aluminate species react quickly with silicate species and are 
incorporated into the gel. In fact, NMR data on silicate-activated slag has showed an increase in 
Q2(1Al) species after the first ICC reaction peak.14 Na+ ions are also likely to be incorporated into 
the gel to charge balance the aluminate sites (since the Na+ concentration in the pore solution is 
also shown to decrease immediately after mixing71), making it a C-(N)-A-S-H-type gel. It is noted 
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that the removal of Ca2+ ions and silicate and aluminate species from the pore solution could be 
partially caused by the formation of secondary phases (e.g., a hydrotalcite-like phase), which have 
been observed experimentally9 and predicted to form in silicate-activated slag using 
thermodynamic calculations.71  
 
The formation of a C-(N)-A-S-H-type gel due to the interactions between (i) dissolved Ca2+ and 
aluminate species from slag and (ii) the Na+ and silicate species originally in solution is further 
supported by the FTIR data in Figure 9c, where the evolution of the main vas Si−O−T band for the 
Na2SiO3-activated slag over a period of ~2 days is presented together with the spectra for neat slag 
and the Na2SiO3 activating solution. The Na2SiO3 activating solution exhibits a peak at ~984 cm−1 
and a shoulder at ~918 cm−1, which is consistent with literature data45, 89 and can be tentatively 
assigned to vas Si−O−Si in Q2 and Q1, respectively.90 Both bands are seen to shift continuously to 
smaller wavenumbers (towards ~965 and ~905 cm-1 at ~3 hours) with the progress of reaction 
during the initial ~3 hours. Similar band shifts to smaller wavenumbers have been reported in the 
literature for silicate-activated slags and fly ash.45, 81, 88 It is well established that in silicate gel an 
increase of Na, Ca or Al content lowers the wavenumber of the vas Si−O−Si band.21, 78, 89 Therefore, 
the shifts observed during the initial 2-3 hours in Figure 9c can be attributed to reactions between 
dissolved Ca2+ ions and aluminate species from slag with silicate species and Na+ ions in the 
Na2SiO3 solution, leading to formation of a C-(N)-A-S-H-type gel.  
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Figure 9 (a) Evolution of bound water index (BWI) and ICC cumulative heat with the progress of 
reaction and (b) correlations between the BWI, free water index (FWI) and constrained water index 
(CWI) and the ICC cumulative heat for the Na2SiO3-activated slag sample. (c) FTIR data showing 
the evolution of the main asymmetric Si−O−T (T = Si or Al) stretching band for the Na2SiO3-
activated slag over a period of 2 days. FTIR spectra of the raw slag and the original Na2SiO3 
solution are also shown in (c). 
 
4.5.2.2 After ~2.5 hours 
After ~2.5 hours, the Na2SiO3-activated slag exhibits a continuous transformation of FWI to BWI 
(Figure 9b), similar to the NaOH-activated slag shown in Figure 8b. The BWI versus ICC 
cumulative heat plot in Figure 9b clearly shows a region with a steeper slope (~2.5-4.5 hours) 
before the slope decreases to a level (~1.6 per kJ/g) similar to that of the NaOH-activated slag 
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between ~2.5-11.5 hour. Furthermore, as shown in Table 2, both samples have similar enthalpy 
values of generating bound H-atoms for this period ( −20.8-21.6 kJ/mol). These results suggest 
that the Na2SiO3-actived slag is dominated by C-(N)-A-S-H gel precipitation after ~6.5 hours, 
similar to that of the NaOH-activated slag at ~2.5-11.5 hours. The extensive formation of C-(N)-
A-S-H gel after ~6.5 hours is supported by the FTIR results in Figure 9c, which show the 
emergence of a broad band at ~940 cm−1 (attributed to vas Si−O−T stretching in C-(N)-A-S-H gel) 
at ~6 hours and continuous growth of this band afterwards. The wavenumber of this vas Si−O−T 
band is slightly higher in the Na2SiO3-activated sample (i.e., ~940 cm−1) than in the NaOH-
activated sample (i.e., ~930 cm−1, Figure 8c). This suggests that the C-(N)-A-S-H gel formed in 
the former is slightly more polymerized than that form in the latter, which is consistent with NMR 
data.77  
 
Table 2. Summary of the calculated enthalpy of generating bound H-atoms for the different linear 
periods of the bound water index (BWI) versus ICC cumulative heat plot seen in Figures 8b and 
9b. Detailed calculations are shown in the Supporting Information. 
Samples Time (hours) 
Slope of the BWI curves in 
Figures 8b and 9b (/(kJ/g)) 
Enthalpy per mole of bound 
H-atom generated (kJ/mol) 
NaOH-slag 0-1.0 19.7 1.7 2.5-11.5 1.6 20.8 
Na2SiO3-slag 
0-2.5 3.2 10.8 
2.5-4.5 5.4 6.4 
6.5-7.5 1.6 21.6 
 
The steeper slope for the BWI during the ~2.5-4.5 hours (~5.4 per kJ/g; Figure 9b) and hence lower 
value of enthalpy of generating bound H-atoms (~6.4 kJ/mol) can be attributed to an increase of 
slag dissolution that is driven by the increase in the OH− ion concentration as already explained 
above. However, this slope (~5.4 per kJ/g) is still much smaller than that during the initial hour for 
the NaOH-activated sample in Figure 8b (~19.7 per kJ/g). This can be attributed to the lower OH− 
ion concentration in the Na2SiO3-activated slag sample71 resulting in a slower rate of slag 
dissolution. Nevertheless, the increased dissolution rate of slag between ~2.5-4.5 hours provides 
additional silicate species for the formation of C-(N)-A-S-H gel, which leads to the second reaction 
peak at ~6 hours in the Na2SiO3-activated slag (Figure 7a). Meanwhile, after a period of more 
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rapid slag dissolution that consumes OH− ions, the rate of dissolution slows down due to (1) the 
reduction in OH− ion concentration (as predicted in ref. 71) and (2) the formation of reaction 
products on slag surfaces that hinder ion diffusion (it has been shown that the 2nd ICC reaction 
peak in Na2SiO3-activated slag is diffusion-controlled20). 
 
The Na2SiO3-activated slag also exhibits an obvious increase in the CWI after ~2.5 hours (Figure 
9b), although the Na+Si concentration of the pore solution has been shown to continuously 
decrease as reaction progresses,71 which tend to decrease CWI. As explained previously in relation 
to Table 1, the other factors that could increase CWI are the increase in solid surface area due to 
formation of reaction products and the emergence of gel pores (~2-5 nm, due to formation of C-
(N)-A-S-H gel). Hence, the evident increase in the CWI after ~2.5 hours (Figure 9b) suggests that 
the latter two factors (i.e., increase in surface area and gel porosity) dominates the Na2SiO3-
activated slag during this stage of the reaction. This is supported by the N2 sorption data in Table 
3, which show that the BET surface area of the Na2SiO3-activated slag is over four times higher 
than the NaOH-activated slag and increases much faster during ~6-12 hours. Furthermore, the 
relative amount of gel and capillary pores (Table 3) and the pore size distributions (Figure S8 in 
Supporting Information) derived from the BJH adsorption branch show that around 9% of the pore 
volume accessible using N2 sorption in the 6-hour Na2SiO3-activated slag is from gel pores (d < 5 
nm). This indicates that a fair amount of C-(N)-A-S-H-type gel has already formed before the main 
ICC reaction peak at ~ 6 hour (Figure 7a), in agreement with the QENS and FTIR data. At 12 
hours, the relative amount of pores accessible using N2 sorption with diameters smaller than 5 nm 
increases to over 50% (Table 3 and Figure S8 in the Supporting Information). The development 
of gel pores in the Na2SiO3-activated slag (as opposed to capillary pores for the NaOH-activated 
slag) is consistent with recent SANS measurements on similar AASs.32 Therefore, the increase in 
CWI for the Na2SiO3-activated slag after ~2.5 hours (Figure 9b) is attributed to a significant 
increase in pore surface area and gel porosity that suppresses the inverse impact from a decrease 
of the Na+Si concentration.  
 
Table 3. Summary of the BET surface area and the relative amount of gel and capillary pores 
(based on the BJH adsorption branch) from N2 sorption measurements of the NaOH- and Na2SiO3-
activated slag samples cured for ~6 and ~12 hours.  
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Sample Age (hours) 
BET surface area 
(m2/g) 
BJH gel pores 
d < 5 nm 
BJH capillary pores 
d > 10 nm 
NaOH-slag 6 14.0 3% 92%* 
NaOH-slag 12 15.7 5% 81%* 
Na2SiO3-slag 6 54.1 9% 50% 
Na2SiO3-slag 12 109.2 53% 6% 
* These values could be even higher since NaOH-activated slag sample contains pores larger than 
what is accessible using N2 sorption (d < 50 nm) as shown in Figure S8a in the Supporting 
Information. 
 
4.6 Broader Implications 
Based on the detailed analysis outlined above of the QENS-INS, FTIR and N2 sorption results for 
Na2SiO3-activated slag (Figure 9), together with the thermodynamic data in the literature on 
similar AASs,71 it is clear that both the first and second ICC reaction peaks in this sample (as 
shown in Figure 7) are attributed to the formation of C-(N)-A-S-H-type gels. Nevertheless, it is 
unclear based on the current study whether the initial gel formed during the first reaction peak 
possesses the same attributes (e.g., Ca/Si, degree of silica polymerization and incorporation of Na 
and alumina species) as the main gel formed at a later stage. The formation of the first gel in the 
initially solution occupied space is associated with several distinct properties of Na2SiO3-activated 
slag that are different from a NaOH-activated slag; for example, faster initial and final setting,14, 
88 finer pore structure,32, 46 greater long-term strength,75, 88 significantly lower intrinsic 
permeability,46 and larger extent of drying shrinkage.91 The formation mechanism of the first gel 
possesses key similarities to the mechanisms occurring in Na2CO3- and Na2SO4-activated slags, 
where the dissolution of Ca2+ from slag is promoted via precipitation of calcium carbonate/sulfate 
phases.14, 19 This mechanism is intrinsically different from NaOH-activated slag where calcium 
dissolution is hindered initially due to the high pH84 and the absence of abundant anions in the 
original solutions (e.g., SiO2(OH)22−, CO32−, and SO42−) to enhance the release of Ca2+.  
 
These moderate activators (e.g., Na2SO4 and Na2CO3) can be obtained directly from mining, and 
hence they are less expensive to produce and have significantly lower carbon footprints compared 
with silicate and hydroxide activating solutions.4, 5 However, AASs based on these moderate 
activators are often associated with delayed setting time and strength development,14, 19, 87, 88 owing 
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to their lower alkalinity (hence slower dissolution of silicate and aluminate from slag) and the less 
cohesive nature of the calcium carbonate/sulfate phases that form during the first ICC reaction 
peak (as opposed to C-(N)-A-S-H-type gel for silicate activating solution). The evident impact of 
the different activating solutions on the fresh and hardened properties of AASs offers enormous 
opportunities to tailor the chemistry of the activating solutions (e.g., mixing of different 
solutions,20, 88 and use of additives (e.g., nanoparticles)39, 86, 92) to achieve desired properties and 
performance for specific applications, while at the same time lowering the cost and carbon 
footprint of the resulting AASs. To fully exploit these benefits, it is necessary to elucidate the 
reaction mechanisms occurring in these complex AAS mixtures, and the current study present an 
excellent example of achieving this goal by combining in situ QENS-INS with laboratory-based 
experimental techniques.  
 
In particular, the unique combination of in situ QENS with ICC data allows for the enthalpy of 
reaction (in kJ/mol of bound H-atoms) for each reaction stage to be determined. This novel 
methodology could be readily transferred to the study of other important reaction processes that 
are accompanied with changes of H/H2O dynamics (e.g., converting free H2O to bound H/H2O and 
vice versa) as reaction proceeds. It is also important to note that broadband neutron spectrometers, 
such as VISION (~ −2 to ~1000 meV), are ideal for studying H/H2O dynamics in systems where 
extremely high energy resolution of the QENS component is not required (i.e., systems containing 
a wide range of H-atom environments; specifically, free, constrained and bound water). Although 
VISION is not a QENS-specific spectrometer, this study has shown that the QENS component is 
readily accessible and analysis of the QENS data provides important mechanistic insight on the 
alkali-activation reaction that complements the water libration mode contained within the INS 
component. 
5 Conclusions  
In this study, in situ quasi-elastic neutron scattering (QENS) technique has been employed to probe 
the water dynamics and formation mechanisms of alkali-activated slags (AASs). A double-
Lorentzian model was used to fit the QENS spectra, from which three water indices (i.e., bound 
water index (BWI), constrained water index (CWI) and free water index (FWI)) were derived. 
Comparison of the QENS water indices with isothermal conduction calorimetry (ICC) data showed 
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that the evolution of BWI captures both the single and the double ICC reaction peaks in the NaOH- 
and Na2SiO3-activated slag, respectively. Analysis of the different water indices together with the 
ICC and Fourier transform infrared spectroscopy (FTIR) data for the NaOH-activated slag 
revealed the existence of two distinct stages during the formation process where different reaction 
processes may have dominated: (1) a faster transformation of FWI to BWI during the initial hour 
that is mainly attributed to silicate release during slag dissolution and the formation of a 
hydrotalcite-like phase, and (2) a slow and steady transformation of FWI to BWI after ~2.5 hours 
arising from precipitation of C-(N)-A-S-H gel.  
 
In contrast, for the Na2SiO3-activated slag sample, the evolution of water indices reveals three 
reaction stages: an initial stage (up to ~2.5 hours) characterized by a conversion of CWI to BWI 
and FWI, and a second (~2.5-4.5 hours) and third (after ~6.5 hours) stage both involving a 
continuous transformation of FWI to BWI and CWI. Analysis of the QENS, FTIR and N2 sorption 
data along with thermodynamic data in the literature revealed that the first ICC reaction peak (at 
~40 min) is mainly attributed to the formation of a C-(N)-A-S-H-type gel, resulting from reactions 
between dissolved Ca2+/aluminate from slag and Na+/silicate in the original Na2SiO3 solution. The 
third stage of reaction (corresponds to the second ICC reaction peak at ~6 hours) is also attributed 
to the formation of a C-(N)-A-S-H-type gel, however, the analysis indicates that the main source 
of silicate for the formation of this gel is from slag dissolution, which is seen to dominate the 
formation mechanism during the second stage of reaction (~2.5-4.5 hours).  
 
In summary, the current study has demonstrated that in situ QENS is a valuable technique for 
elucidating the detailed formation mechanisms of different types of alkali-activated slags. For the 
first time, strong experimental evidence has been provided for the formation of an initial C-(N)-
A-S-H-type gel in the Na2SiO3-activated slag. Furthermore, the unique combination of QENS and 
ICC data enabled for the estimation of the enthalpy of reaction (in kJ/mol of bound H-atoms 
generated), an approach that will be of significant interest to other materials systems involving 
important reaction processes where the H-atom dynamics change with the progress of reaction. 
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6 Supporting Information 
Fits of the quasi-elastic neutron scattering data with a single-Lorentzian model; Inelastic neutron 
scattering data: Water librational peak; Estimation of the average number of H2O molecules 
solvating each ion in alkaline solutions; Isothermal conduction calorimetry (ICC) data for a 
metakaolin-water mixture; BWI/CWI/FWI versus cumulative heat for NaOH-activated slag – 
Initial 2.5 hours; Analysis of the FTIR data for NaOH-activated slag; Surface area and hydrotalcite 
formation during the initial hour of reaction in the NaOH-activated slag and their potential impacts 
on BWI; Determination of the enthalpy of generating bound H-atoms; BJH pore size distribution 
from N2 sorption; Evolution of CWI and FWI as a function of time for the Na2SiO3-activated slag. 
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